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We study the prospects for excluding or discovering vectorlike leptons using multi-
lepton events at the LHC. We consider models in which the vectorlike leptons decay
to tau leptons. If the vectorlike leptons are weak isosinglets, then discovery in mul-
tilepton states is found to be extremely challenging. For the case that the vectorlike
leptons are weak isodoublet, we argue that there may be an opportunity for exclu-
sion for masses up to about 275 GeV by direct searches with existing LHC data at√
s = 8 TeV. We also discuss prospects for exclusion or discovery at the LHC with
future
√
s = 13 TeV data.
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2I. INTRODUCTION
Vectorlike quarks and leptons are hypothetical new fermions that transform in non-chiral rep-
resentations of the unbroken Standard Model (SM) gauge group. They are among the simplest
viable SM extensions near the electroweak scale. Vectorlike fermions can have electroweak singlet
masses that dominate over the contributions to their masses from Yukawa couplings to the Higgs
boson. This means that their loop-induced contributions to precision electroweak observables and
radiative Higgs decays and production obey decoupling with large masses. Therefore, vectorlike
fermions are less constrained than extra chiral families, which are now ruled out by a combination
of direct searches and the observations of the 125 GeV Higgs boson production and decay. In the
absence of large lepton flavor violation, general mass limits on vectorlike fermions with non-exotic
electric charges therefore follow only from direct searches.
Besides the mere fact that they are possible, there are a variety of motivations to consider
vectorlike fermions. From a top-down perspective, phenomenological models motivated by string
theory or large extra dimensions are well-known to be often replete with such particles. In weak-
scale supersymmetry, the mass of the lightest Higgs scalar boson can be raised by introducing new
vectorlike heavy chiral supermultiplets with large Yukawa couplings [1–15]. The correction to Mh
is positive if the vectorlike fermions are lighter than their scalar partners, which implies that the
former could be the first physics beyond the SM to be detected at the Large Hadron Collider (LHC).
Some other interesting discussions of the possible role of vectorlike leptons in physics beyond the
SM are given in refs. [16–45]. For vector-like leptons with large exotic charges, there is also a
possibility of indirect searches from the loop-induced process pp→ ppγγ [46].
In this paper we consider the LHC exclusion and discovery reach for vectorlike leptons in two
scenarios. First, we consider SU(2)L-singlet charged vectorlike leptons τ
′± which under SU(3)C ×
SU(2)L × U(1)Y transform as 2-component left-handed fermions†
τ ′ + τ ′ = (1,1,+1) + (1,1,−1). (1.1)
The second scenario consists of pure SU(2)L-doublet particles L
′ = (ν ′, τ ′−) and their antiparticles
L
′
= (τ ′+, ν ′), which transform under SU(3)C × SU(2)L × U(1)Y as 2-component left-handed
fermions
L′ + L
′
= (1,2,−1/2) + (1,2,+1/2). (1.2)
In the following, we will refer to these as the Singlet VLL and Doublet VLL models, respectively.
For simplicity, we consider these two possibilities separately, although models in which they are
combined or replicated are certainly feasible, and would have a richer phenomenology.
The main source of vectorlike lepton masses are weak singlet terms. If these were the only
sources of vectorlike lepton mass, then in the Singlet VLL model the τ ′ would be absolutely stable,
causing possible problems due to its presence as a charged exotic stable relic in the universe. In
the Doublet VLL model the ν ′ would be stable. We will therefore assume that the vectorlike
† For reviews of the 2-component fermion notation followed here, see refs. [47, 48].
3leptons mix through Yukawa interactions with the ordinary known leptons of the SM, allowing
them to have 2-body decays to SM leptons and bosons W,Z, h, as described in more detail in the
next section. Our premise, motivated by the relative weakness of lepton flavor-violation constraints
involving the τ lepton compared to the electron and muon, is that the vector-like lepton coupling to
SM leptons is mostly with the third family, and therefore the τ ′ and ν ′ decay mostly to final states
involving the τ lepton and Standard Model neutrinos. This is the most pessimistic possibility for
LHC reach, due to the relatively lower detection efficiency and higher fake rates for τ candidates
in the LHC detectors. An earlier study [40] instead considered the more optimistic possibility that
vectorlike leptons produced at the LHC will decay mostly to muons. At this writing, there do
not appear to be any official limits on vectorlike leptons from the LHC detector collaborations,
so that the only constraint comes from the non-discovery by the LEP e+e− collider experiments,
of about Mτ ′ > 100 GeV. In the following, we will consider the possibilities of setting limits on
vectorlike leptons that decay to τ and Standard Model neutrinos using existing ATLAS multilepton
searches, and using our own alternative search criteria, for pp collisions at
√
s = 8 TeV with 20
fb−1 of integrated luminosity. We will then consider the projected exclusion and discovery reaches
of the LHC in multilepton searches in future runs with
√
s = 13 TeV. In these 3-, 4-, and 5-lepton
searches, we rely both on τ leptons that are detected as hadronic taus, τh, and on τ leptons that
decay leptonically to electrons and muons.
In considerations of exclusion and discovery prospects, we will employ the following criteria.
For a given hypothesis H0, we estimate the median expected p-value p, which is the probability,
for data generated under a hypothesis H, of observing a result of equal or greater incompatibility
with H0. As is conventional in high-energy physics, the p-value is converted to a significance Z
according to
Z =
√
2 erfc−1(2p). (1.3)
In the case of a standard Gaussian distribution, Z corresponds to the number of standard devia-
tions. In the case of discovery, H0 is the background-only hypothesis of a Poisson distribution of
events with mean b, while H is the hypothesis of a Poisson distribution of signal and background
events with mean s + b. However, the background levels are not, and will not be, known with
perfect accuracy. Therefore we include the effects of a variance ∆b in the expected number of
background events. An approximation (see ref. [49], and also refs. [50] and [51, 52]) for the median
expected discovery significance is then:
Zdisc =
[
2
(
(s + b) ln
[
(s+ b)(b+∆2b)
b2 + (s+ b)∆2b
]
− b
2
∆2b
ln
[
1 +
∆2bs
b(b+∆2b)
])]1/2
. (1.4)
In the special case that the background expectation is known perfectly, so that ∆b = 0, this reduces
to
Zdisc =
√
2[(s + b) ln(1 + s/b)− s], (1.5)
which would further reduce to s/
√
b in the limit of large b. However, when b is small, s/
√
b greatly
4overestimates the expected significance. For a discovery criterion, we use Zdisc > 5, corresponding
to a p-value range p < 2.86 × 10−7, and we will use eq. (1.4) with the somewhat arbitrary choices
∆b = 0.1b, 0.2b, and 0.5b, corresponding to a 10%, 20%, and 50% uncertainty in the background.
For exclusion, the role of H0 is played by the signal plus background hypothesis, and H is the
background-only hypothesis. We then find, based on methods in refs. [49, 50], an estimate for the
median expected exclusion significance:
Zexc =
[
2
{
s− b ln
(
b+ s+ x
2b
)
− b
2
∆2b
ln
(
b− s+ x
2b
)}
− (b+ s− x)(1 + b/∆2b)
]1/2
, (1.6)
where
x =
√
(s + b)2 − 4sb∆2b/(b+∆2b). (1.7)
In the special case ∆b = 0, eq. (1.6) reduces to
Zexc =
√
2(s − b ln(1 + s/b)), (1.8)
which further reduces to s/
√
b in the limit of large b. Again, for small b, the latter overestimates
the expected exclusion significance. For a median expected 95% confidence level (CL) exclusion
(p = 0.05), we will use eq. (1.6) with Zexc > 1.645, and again consider ∆b = 0.1b, 0.2b, and 0.5b.
In the case of the Singlet VLL model only, where the signal is quite small, we will also consider
the very optimistic case ∆b = 0.
II. PRODUCTION AND DECAY OF VECTORLIKE LEPTONS
In the Singlet VLL model, the fermion mass terms and τ ′ mixing with the Standard Model
lepton can be obtained from the Lagrangian written in 2-component fermion form as
− L = mτ ′τ ′τ ′ + ǫHLτ ′ + yτHLτ + c.c. (2.1)
where H is the SM Higgs complex doublet scalar field, L = (τ, ντ ) is the SM third family lepton
doublet in the gauge eigenstate basis, yτ is the SM τ Yukawa coupling, and ǫ is the mixing Yukawa
coupling. The charged fermion mass matrix in the gauge eigenstate basis is
− L =
(
τ τ ′
)
M

 τ
τ ′

+ c.c., (2.2)
5where
M =

yτv ǫv
0 mτ ′

 , (2.3)
and v = 〈H〉 = 174 GeV is the Higgs vacuum expectation value (VEV). For the Doublet VLL
model, the Lagrangian is
− L = mτ ′L′L′ + ǫHL′τ + yτHLτ + c.c., (2.4)
so that the charged mass matrix is instead
M =

yτv 0
ǫv mτ ′

 . (2.5)
In both cases, we will take the Yukawa coupling ǫ to be small. Then, neglecting effects suppressed
by ǫ, the charged lepton mass eigenstates include just a τ ′ with mass Mτ ′ ≈ mτ ′ , and the SM tau
lepton with mass Mτ ≈ yτv.
In the Doublet VLL model, there is also a ν ′ state, with mass degenerate with the τ ′ at tree level.
Taking into account 1-loop radiative corrections [18] while still neglecting the effects quadratic in
ǫ, there is a small mass splitting
Mν′ =Mτ ′ − α
2
MZf(M
2
τ ′/M
2
Z), (2.6)
where [18]
f(r) =
√
r
π
∫ 1
0
dx(2− x) ln(1 + x/r(1− x)2). (2.7)
is positive and approaches 1 from below as r becomes very large. For Mτ ′ = (100, 200, 300 GeV,
and ∞), this mass splitting is respectively about (258, 297, 313, 355) MeV, and will be only
very slightly increased by mixing, by approximately ǫ2v2/2Mτ ′ . For kinematic purposes, we will
therefore simply take Mν′ =Mτ ′ .
The production rates for vectorlike leptons are governed to a very good approximation by their
lepton flavor-preserving interactions with the electroweak vector bosons. In 2-component fermion
notation [with a metric signature (−,+,+,+)] in the mass eigenstate basis, the Singlet VLL model
has, neglecting terms quadratic in ǫ:
Lint = gs
2
W
cW
Zµ
(
τ ′†σµτ ′ − τ ′†σµτ ′
)
− eAµ
(
τ ′†σµτ ′ − τ ′†σµτ ′
)
, (2.8)
where e is the QED coupling, g is the SU(2)L coupling, and sW , cW are the sine and cosine of the
weak mixing angle, with e = gsW . For the Doublet VLL model, the Lagrangian governing τ
′ and
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FIG. 2.1: The production cross section for pp →
τ ′+τ ′− as a function of the mass Mτ ′ , for the LHC
at
√
s = 8 and 13 TeV, in the Singlet VLL model,
mediated by the interactions in eq. (2.8).
ν ′ production is similarly:
Lint = g√
2
W+µ (τ
′†σµν ′ + ν ′†σµτ ′) +
g√
2
W−µ (τ
′†σµν ′ + ν′†σµτ ′)− eAµ
(
τ ′†σµτ ′ − τ ′†σµτ ′
)
+
g
cW
(
s2W −
1
2
)
Zµ
(
τ ′†σµτ ′ − τ ′†σµτ ′
)
+
g
2cW
Zµ
(
ν ′†σµν ′ − ν′†σµν ′
)
. (2.9)
In the Singlet VLL model, the production channel at the LHC is:
pp → τ ′+τ ′−, (2.10)
through s-channel Z, γ, while in the Doublet VLL model one has in addition the processes involving
the heavy vectorlike Dirac neutrino:
pp → ν ′ν ′, (2.11)
pp → ν ′τ ′+, (2.12)
pp → ν ′τ ′−. (2.13)
In both cases, the production rates are a function of only one free parameter, the mass Mτ ′ . They
are shown for
√
s = 8 and 13 TeV in Figure 2.1 for the Singlet VLL model and in Figure 2.2 for
the Doublet VLL model. It is evident that the production cross sections are much larger in the
Doublet VLL model than in the Singlet VLL model. This is partly because of the larger couplings,
but also because τ ′ is accompanied by ν ′ in the doublet case. Indeed, the largest rate is from the
ν ′τ ′± modes mediated by s-channel W± bosons. The LHC prospects for exclusion or discovery of
the Doublet VLL model are therefore much brighter than for the Singlet VLL model, as we will
see below.
We now turn to the interactions that mediate vectorlike lepton decays, which arise due to the
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FIG. 2.2: The production cross sections for, from bottom to top, ν′ν′ and τ ′+τ ′− and the combined cross-
section for ν′τ ′+ and ν′τ ′−, as a function of the common mass Mτ ′ = Mν′ , for the LHC at
√
s = 8 (left
panel) and 13 TeV (right panel), in the Doublet VLL model, mediated by the interactions in eq. (2.9).
mixing parameter ǫ. Working to linear order in ǫ, we have for the Singlet VLL model:
Lint = gW+ν†τ ′
[
W+µ (ν
†σµτ ′) +W−µ (τ
′†σµν)
]
+ gZτ†τ ′Zµ
(
τ †σµτ ′ + τ ′†σµτ
)
+(yhττ ′hττ
′ + c.c.) (2.14)
where h is the real scalar field for the 125 GeV Higgs boson, and
gW
+
ν†τ ′ = ǫMW/Mτ ′ , (2.15)
gZτ†τ ′ = −ǫMZ/
√
2Mτ ′ , (2.16)
yhττ ′ = −ǫ/
√
2. (2.17)
The resulting decay widths for τ ′ to SM states are:
Γ(τ ′ →Wν) = Mτ ′
32π
(1− rW )2(2 + 1/rW )|gW+ν†τ ′ |2, (2.18)
Γ(τ ′ → Zτ) = Mτ ′
32π
(1− rZ)2(2 + 1/rZ)|gZτ†τ ′ |2, (2.19)
Γ(τ ′ → hτ) = Mτ ′
32π
(1− rh)2|yhττ ′ |2. (2.20)
where rX =M
2
X/M
2
τ ′ for X =W,Z, h.
For the Doublet VLL model, the interactions that mediate decays of τ ′ and ν ′ are:
Lint = gW+τ†ν′
[
W+µ (τ
†σµν′) +W−µ (ν
′†σµτ)
]
+ gZ
τ†τ ′
Zµ
(
τ †σµτ ′ + τ ′†σµτ
)
+(yhτ ′τhτ
′τ + c.c.) (2.21)
8FIG. 2.3: The branching ratios for τ ′ → Wν and Zτ and hτ , as a function of Mτ ′ , for the Singlet VLL
model (left panel) and the Doublet VLL model (right panel).
where, again working to linear order in ǫ,
gW
+
τ†ν′
= −ǫMW/Mτ ′ , (2.22)
gZ
τ†τ ′
= −ǫMZ/
√
2Mτ ′ , (2.23)
yhτ ′τ = −ǫ/
√
2. (2.24)
The resulting decay widths for τ ′ and ν ′ to SM states within this approximation are:
Γ(τ ′ →Wν) = 0, (2.25)
Γ(τ ′ → Zτ) = Mτ ′
32π
(1− rZ)2(2 + 1/rZ)|gZτ †τ ′ |2, (2.26)
Γ(τ ′ → hτ) = Mτ ′
32π
(1− rh)2|yhτ ′τ |2, (2.27)
Γ(ν ′ →Wτ) = Mν′
32π
(1− rW )2(2 + 1/rW )|gW+τ †ν′ |2, (2.28)
Γ(ν ′ → Zν) = Γ(ν ′ → hν) = 0. (2.29)
The resulting branching ratios only depend on the single parameter Mτ ′ , as all of the widths
are proportional to ǫ2. These are shown in Figure 2.3 for τ ′ in the Singlet VLL model (left
panel) and the Doublet VLL model (right panel). Note that for Mτ ′ ≫ Mh,MZ ,MW , the results
asymptotically approach:
BR(τ ′ →Wν) : BR(τ ′ → Zτ) : BR(τ ′ → hτ) =


2 : 1 : 1 (Singlet VLL model),
0 : 1 : 1 (Doublet VLL model).
(2.30)
9Here, we have assumed that the highly kinematically suppressed decay of τ ′ to ν ′ is negligible. To
justify this, note that from ref. [18]:
Γ(τ ′ → ν ′π−) = (3.1 × 10−14 GeV)f3
√
1− 0.155/f2, (2.31)
where f = f(M2τ ′/M
2
Z) from eq. (2.7). This decay width will be smaller provided that the dimen-
sionless mixing Yukawa coupling satisfies ǫ ∼> 2 × 10−7. This is also very roughly the condition
needed for the decays of τ ′ and ν ′ to have a decay length cτ less than the centimeter scale, with
some dependence of course on the mass. The Doublet VLL model has
BR(ν ′ →W+τ−) = BR(ν ′ →W−τ+) = 1. (2.32)
This reflects our assumption of no mass mixing between ν ′ and the SM neutrinos. The large
branching ratio of ν ′ into states with taus and possible leptons from theW decay helps the Doublet
VLL model exclusion and discovery prospects.
III. EVENT SIMULATION
From the results of the preceding section, we find the following signals for the Singlet VLL
model from τ ′ pair production eq. (2.10):
ZZτ+τ−, Zhτ+τ−, hhτ+τ−, (3.1)
ZW±τ∓ + EmissT , hW
±τ∓ + EmissT , W
+W− + EmissT , (3.2)
while only the first 3 are produced by τ ′ pair production in the Doublet VLL model. However, the
Doublet VLL model also has signals
W+W−τ+τ− (3.3)
from ν ′ pair production eq. (2.11), and
ZW±τ+τ− (3.4)
hW±τ+τ− (3.5)
from τ ′ν ′ production eq. (2.12) and eq. (2.13). In this paper, we consider final states with three or
more leptons (including electrons and muons from leptonic tau decays, as well as hadronic taus,
τh) that arise from these. This includes leptons coming from Higgs decays directly to taus and to
W boson pairs, for which we use Mh = 125 GeV and the branching ratios
BR(h→ τ+τ−) = 0.0605, (3.6)
BR(h→W+W−) = 0.21. (3.7)
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In our signals, we often distinguish events depending on whether two opposite sign same flavor
(OSSF) leptons reconstruct a Z boson.
For both the Singlet and Doublet VLL models, we have implemented the production and decay
of τ ′ and ν ′ and their antiparticles in Madgraph 5 [53], which was used to generate both signal
and background events. The couplings of the vectorlike leptons were discussed above. These
couplings are included in the model files of FeynRules [54] to calculate the Feynman rules for the
implementation into Madgraph. PYTHIA [55] was used for showering and hadronization. In order
to do the detector simulation we used Delphes 3 [56]. In some cases below we found it useful to
veto b jets in order to reduce backgrounds including ttZ and ttW and tth. We chose the b-tagging
efficiency for true b jets to be 0.7, the efficiency of mistagging a charm jet as b jet was 0.1, while for
up, down and strange the mistagging efficiency was chosen to be 0.001. We have used the default
Delphes tau tagging efficiency of 0.4, and tau misidentification rate for QCD jets is 0.001.
The main physics backgrounds for multilepton channels areWZ, ZZ, ttZ, ttW , hZ, tth,WWZ,
ZZW , ZZZ, hh. They have also been simulated by Madgraph. We used K factors found from
NLO and NNLO cross sections at 8 TeV from [57–60]. At 8 TeV the K factors are 1.58, 1.47,
1.38, 1.58, 1.315, 1.44, 1.8, 1.59, 1.591 following the same order of backgrounds as above excluding
hh. Production of hh background includes the triangular and the box diagram. But the box
diagram is not include in the Madgraph “heft” model package, so we generated events for hh using
“heft” but we took the cross-section for hh production from [61]. We took the same K factors to
approximate the cross-sections at 13 TeV. Except for the SM Higgs boson (h), every other particle
in the background processes was forced to decay leptonically (including to tau leptons) in order
to increase the yield in the simulation. In the cases of h decays to WW , ZZ, bb¯, τ+τ−, and gg,
we modified the Madgraph couplings of h to ensure agreement of the branching ratios with the
theoretical predictions from HDECAY [62] for Mh = 125 GeV. At each of
√
s = 8 and 13 TeV, we
generated 100,000 events for each of the backgrounds except for hh where we generated 500,000
events. To be conservative, we did not include K factors for the signal processes. The K-factors
for SU(2)L triplets was recently found [63] to be in the range of about 1.17 to 1.2 for
√
s = 13
TeV, and the results for singlets and doublets should be about the same.
In the following sections, our study is divided in the following manner. First we looked at existing√
s = 8 TeV multilepton searches by ATLAS, which were originally aimed at supersymmetric
models, but are re-purposed here for vectorlike leptons. Unfortunately, we find no sensitivity to
the Singlet VLL model here, so our analysis is confined to the Doublet VLL model. We then propose
more inclusive 4-lepton searches, which are studied for the Doublet VLL model with
√
s = 8 TeV.
Finally, we consider the prospects for 4-lepton and 5-lepton signals at
√
s = 13 TeV for both the
Doublet and Singlet VLL models, as well as an optimistic variant of the Singlet VLL model in
which one arbitrarily takes BR(τ ′ → Zτ) = 1.
IV. ATLAS MULTILEPTON SEARCHES AT
√
s = 8 TEV
As discussed above, vectorlike lepton models have a good possibility to provide a beyond Stan-
dard Model signature when pair-produced at LHC and multilepton final-state channels are con-
sidered. In the following section we study the Doublet VLL Model first at
√
s = 8 TeV. We find
that there is an opportunity to set limits on this model by using existing ATLAS searches at LHC
11
[64, 65] on 3-lepton and 4-lepton channels at
√
s = 8 TeV with
∫
L dt = 20.3 fb−1. We look at
3-lepton channels first, and compared the visible signal cross sections after cuts with the limits
from [64]. Similarly, for the 4-lepton analysis we compared with limits from [65]. While studying
the VLL Doublet model we always refer toMτ ′ =Mν′ asMτ ′ . For our study, we generated 100,000
signal events at
√
s = 8 TeV, for each of Mτ ′ = 110, 130, 150, 180, 200, 250, 300, 400, and 500
GeV.
A. Three-lepton searches for the Doublet VLL model
In this section we consider a search strategy based on requiring at least three leptons, following
the selection criteria used by the ATLAS search at
√
s = 8 TeV and
∫
L dt = 20.3 fb−1, described
in [64]. Lepton candidates (e, µ, τh) are required to satisfy:
pT > 15 GeV, (4.1)
|η| < 2.4, (4.2)
∆Rℓ,ℓ′ > 0.1 (for each ℓ, ℓ
′ = e, µ, τh). (4.3)
∆Rℓj > 0.3 (for each jet and ℓ = e, µ, τh). (4.4)
Events are then selected with at least three leptons, with at least one electron or muon satisfying
a pT trigger requirement:
N(e, µ, τh) ≥ 3, (4.5)
pT (e1/µ1) > 26 GeV. (4.6)
After this selection, events are classified into two channels. One is events with at least three electron
or muon candidates, and the other is events with exactly two electrons or muons and at least one
hadronic tau (2e/µ+ ≥ 1τh). Events are then further classified into three categories. The first
category is events with at least one Opposite Sign Same Flavor (OSSF) pair of leptons with 2-body
invariant mass within 20 GeV of the Z boson mass. This category is referred to as on-Z. The
second category is events with an OSSF pair that does not satisfy the on-Z requirement, and this
category is called off-Z OSSF. All the remaining events contribute to the last category which is
off-Z no-OSSF. Tables 4.1 and 4.2 list the visible cross sections we find after cuts for the signals in
each category, for the Doublet VLL model with various Mτ ′ , along with the corresponding ATLAS
limits from [64].
From Tables 4.1 and 4.2, we see that there are three categories in which the signal cross-sections
after cuts can exceed the ATLAS bounds for a range of Mτ ′ . Those cases are ≥ 3e/µ off-Z OSSF,
and ≥ 3e/µ off-Z no-OSSF, and 2e/µ+ ≥ 1τh off-Z no-OSSF. The estimated visible cross-sections
and corresponding ATLAS limits for these cases are depicted graphically in Figure 4.1. The best
reaches seem to be in the off-Z no-OSSF channels, where our estimates for the visible signal cross-
section exceeds the ATLAS limit for all masses up to about Mτ ′ = 200 GeV for both ≥ 3e/µ and
2e/µ+ ≥ 1τh, where we expect more than about 22 and 84 signal events, respectively. It must
be kept in mind that our studies based on Madgraph, Pythia and Delphes are certainly only an
12
TABLE 4.1: Visible cross sections σv in the ≥ 3e/µ channel that pass the on-Z, off-Z, and off-Z, no-OSSF
selections, in the Doublet VLL model at
√
s = 8 TeV. The last line shows the ATLAS limit obtained at√
s = 8 TeV with
∫
L dt = 20.3 fb−1, from [64].
Mτ ′ (GeV) σv on-Z (fb) σv off-Z OSSF (fb) σv off-Z no-OSSF (fb)
110 18.54 2.25 1.18
130 15.40 3.27 1.62
150 11.50 2.76 1.67
180 6.49 1.92 1.27
200 4.50 1.65 1.10
250 2.00 1.02 0.56
300 0.96 0.57 0.32
400 0.26 0.21 0.11
500 0.08 0.08 0.04
ATLAS limit 31 2.5 0.89
TABLE 4.2: Visible cross sections σv in the 2e/µ+ ≥ 1τh channel that pass the on-Z, off-Z, and off-Z, no-
OSSF selections, in the Doublet VLL model at
√
s = 8 TeV. The last line shows the ATLAS limit obtained
at
√
s = 8 TeV with
∫
L dt = 20.3 fb−1 from [64].
Mτ ′ (GeV) σv on-Z (fb) σv off-Z OSSF (fb) σv off-Z no-OSSF (fb)
110 12.96 3.24 6.19
130 11.58 2.78 8.08
150 7.57 2.25 7.08
180 3.92 1.43 5.18
200 2.68 1.16 4.18
250 1.04 0.57 2.07
300 0.47 0.33 1.10
400 0.11 0.11 0.34
500 0.03 0.04 0.12
ATLAS limit 207 14.0 4.3
approximation to the real ATLAS (or CMS) experimental responses to signal events. We have not
attempted to perform a detailed validation of our estimates in this case, as a true exclusion can
only be established by the experimental collaborations in any case. Nevertheless, we can conclude
from this study that using the 3-lepton channels, there is at least a possibility to set a limit on
vectorlike lepton production in the Doublet VLL model using existing LHC Run 1 data at
√
s = 8
TeV data.
B. Four-lepton searches for the Doublet VLL model
In this section we consider 4-lepton signals for the Doublet VLL model at
√
s = 8 TeV, this
time using the selection criteria of the ATLAS search reported in ref. [65]. Lepton candidates are
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FIG. 4.1: Total visible cross sections σv, for
the Doublet VLL model, that pass selections:
≥ 3e/µ off-Z OSSF (top left), ≥ 3e/µ off-Z no-
OSSF (top right), and 2e/µ+ ≥ 1τh off-Z no-
OSSF (bottom left). The results are given as
functions of Mτ ′ =Mν′ , at
√
s = 8 TeV, and are
as given in Tables 4.1 and 4.2. For comparison,
the ATLAS limits at
√
s = 8 TeV and
∫
L dt =
20.3 fb−1 from ref. [64] are represented by the
horizontal red lines.
required to satisfy:
pT (e, µ) > 10 GeV, (4.1)
pT (τh) > 20 GeV, (4.2)
along with the same pseudo-rapidity and isolation requirements of eqs. (4.2) and (4.4) above.
Events are then required to have at least 4 leptons, of which at least 2 must be e, µ:
N(e, µ, τh) ≥ 4, (4.3)
N(e, µ) ≥ 2, (4.4)
and to pass through at least one of the following four trigger criteria:
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FIG. 4.2: Total visible cross sections σv, for the Doublet VLL model, that pass selections ≥ 4e/µ on-Z or
SR0Z (left), and 3e/µ+ ≥ 1τh no-Z or SR1noZa (right). The results are shown as a function of Mτ ′ =Mν′ ,
at
√
s = 8 TeV, and correspond to entries in Tables 4.3 and 4.4. Also, the ATLAS limits at
√
s = 8 TeV
and
∫
L dt = 20.3 fb−1 from ref. [65] are represented by the horizontal red lines.
• pT (e1/µ1) > 25 GeV for a single isolated e or µ.
• pT (e1) > 14 GeV, pT (e2) > 14 GeV or pT (e1) > 25 GeV, pT (e2) > 10 GeV for double e.
• pT (µ1) > 14 GeV, pT (µ2) > 14 GeV or pT (µ1) > 18 GeV, pT (µ2) > 10 GeV for double µ.
• pT (e1/µ1) > 14 GeV, pT (e1/µ1) > 10 GeV or pT (e1/µ1) > 18 GeV, pT (e2/µ2) > 10 GeV for
e+ µ events.
After these selections, events are classified in three signal regions, which are called SR0, SR1, SR2,
following [65]. These have, respectively: at least 4 e/µ, exactly 3 e/µ and at least 1 τh, and exactly
2 e/µ and at least 2 τh. Events are then further classified into two categories, called no-Z and
on-Z, which respectively veto against the presence of a Z boson or require the presence of Z boson.
This is done by looking for an OSSF pair of leptons (e or µ) that yield invariant mass values in the
MZ ± 10 GeV interval. The no-Z class is further divided into two regions, a and b, classified by
EmissT and meff as defined in Table 5 of [65]. Hence the signal is studied in nine signal regions in all.
Tables 4.3, 4.4, and 4.5 show results from our simulation for the visible signal cross sections for the
Doublet VLL model in each category, as well as the corresponding ATLAS limits from ref. [65].
It can be concluded from Tables 4.3, 4.4, and 4.5 that the two signal regions with the best reach
for the Doublet VLL model are SR0Z (with at least 4 e/µ and a Z candidate) and SR1noZa (with
exactly 3 e/µ, at least one τh, and no Z candidate). These results are shown in Figure 4.2 as a
function of Mτ ′ = Mν′ . As in the 3-lepton signal, we find that the predicted Doublet VLL model
visible cross-section after cuts can exceed the ATLAS limit for masses below about 200 GeV. The
same caveats apply as in the previous subsection, so we cannot claim an exclusion, but we simply
note that these results are suggestive that such an exclusion may be possible with existing LHC
data at
√
s = 8 TeV using these signal regions.
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TABLE 4.3: Total visible cross sections σv in the ≥4e/µ channels that pass three different selection require-
ments for the signal regions, for the Doublet VLL model, with
√
s = 8 TeV. The last line shows the ATLAS
limit obtained at
√
s = 8 TeV with
∫
L dt = 20.3 fb−1 from [65].
Mτ ′ (GeV) SR0noZa σv (fb) SR0noZb σv (fb) SR0Z σv (fb)
110 0.195 0.133 0.589
130 0.112 0.047 0.488
150 0.262 0.144 0.502
180 0.184 0.100 0.429
200 0.132 0.080 0.399
250 0.097 0.073 0.221
300 0.047 0.036 0.131
400 0.019 0.017 0.046
500 0.006 0.006 0.016
ATLAS limit 0.29 0.18 0.40
TABLE 4.4: Total visible cross sections σv in the 3e/µ+≥ 1τh channels that pass three different selection
requirements for the signal regions, for the Doublet VLL model, at
√
s = 8 TeV. The last line shows the
ATLAS limit obtained at
√
s = 8 TeV with
∫
L dt = 20.3 fb−1 from [65].
Mτ ′ (GeV) SR1noZa σv (fb) SR1noZb σv (fb) SR1Z σv (fb)
110 0.312 0.070 0.191
130 0.421 0.104 0.208
150 0.421 0.113 0.159
180 0.346 0.137 0.217
200 0.270 0.156 0.178
250 0.178 0.131 0.127
300 0.098 0.089 0.078
400 0.032 0.032 0.029
500 0.012 0.012 0.011
ATLAS Limit 0.28 0.17 0.26
TABLE 4.5: Total visible cross sections σv in the 2e/µ+≥ 2τh channel that pass three different selection
requirements for the signal regions, in the Doublet VLL model, at
√
s = 8 TeV. The last line shows the
ATLAS limit obtained at
√
s = 8 TeV with
∫
L dt = 20.3 fb−1 from [65].
Mτ ′ (GeV) SR2noZa σv (fb) SR2noZb σv (fb) SR2Z σv (fb)
110 0.078 0.054 0.061
130 0.109 0.042 0.106
150 0.111 0.065 0.080
180 0.111 0.059 0.046
200 0.109 0.065 0.072
250 0.083 0.056 0.034
300 0.051 0.043 0.021
400 0.017 0.017 0.008
500 0.006 0.006 0.002
ATLAS Limit 0.45 0.43 0.17
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V. MORE INCLUSIVE FOUR-LEPTON SEARCHES AT
√
s = 8 TEV
The ATLAS searches of ref. [65] were aimed at supersymmetric models, and therefore included
cuts on meff and E
miss
T . These cuts are not necessarily particularly appropriate for vectorlike lepton
searches. Therefore, in this section we look at a different, simpler and more inclusive, strategy for
4-lepton searches to see if a better reach for the Doublet VLL Model can be achieved.
In the following, lepton candidates must satisfy
pT (e, µ, τh) > 15 GeV, (5.1)
|η(e, µ, τh)| < 2.5, (5.2)
∆Rℓ,ℓ′ > 0.1 (for each ℓ, ℓ
′ = e, µ, τh). (5.3)
∆Rℓj > 0.3 (for each jet and ℓ = e, µ, τh). (5.4)
We then require events to have at least 4 leptons, at least 2 of which must be e/µ, to satisfy a
trigger requirement on the leading e/µ, and impose a veto of b-jets:
N(e, µ, τh) ≥ 4, (5.5)
N(e, µ) ≥ 2, (5.6)
pT (e1/µ1) > 26 GeV, (5.7)
Nb−tag = 0. (5.8)
The last requirement is to help suppress tt¯+X backgrounds. We then consider 3 channels. The
first one is ≥ 3e/µ+1τh, which requires at least three e/µ and at least one τh. Similarly we define a
channel ≥ 2e/µ+2τh with at least two e/µ and at least two τh, and a channel ≥ 4e/µ by requiring
at least four e/µ. (For simplicity, we avoid using ≥ sign in front of the number of τh requirement
here.) Events that pass each of the selections just mentioned form categories that we call inclusive.
Events which pass a further cut that there is no pair of OSSF leptons (e,µ) withMZ±20 are called
no-Z. We do not include a separate on-Z category, because we found that the reach is typically
very similar to the inclusive category. We also do not impose a cut on EmissT , unlike the ATLAS
4-lepton signal region cuts, which were aimed at supersymmetry. The reason for this is illustrated
in Figure 5.1, which shows the EmissT distributions for the inclusive ≥ 3e/µ + 1τh channel, for two
different mass values Mτ ′ = 130 and 200 GeV. This distribution shows that E
miss
T < 100 for most
of the signal events if vectorlike leptons are pair produced according to the Doublet VLL Model
and events are selected for four lepton channels.
The breakdown of background contributions and the total background cross-section after the
cuts for the 6 signal regions above, obtained using simulations as described in section III with√
s = 8 TeV, are given in Table 5.1. The largest backgrounds, even in the no-Z channels, come
from ZZ, with sub-dominant contributions from hZ and WWZ, and WZ in the cases that use τh.
The backgrounds from tt¯W and tt¯Z, and tt¯h are significantly reduced by our use of a b-tag veto.
The Doublet VLL model signal cross-sections for these 4-lepton search channels are given in Table
5.2 for several different values of Mτ ′ , along with the total background results from the previous
table.
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FIG. 5.1: The expected Emiss
T
distribution at√
s = 8 TeV in the ≥ 3e/µ + 1τh channel af-
ter inclusive event selection for the Doublet VLL
model with Mτ ′ = 130 and 200 GeV. The distri-
butions are normalized according to 20 fb−1 of
integrated luminosity.
Using these results, we then calculate the median expected exclusion significance Zexc for 20 fb
−1
at
√
s = 8 TeV, assuming 10%, 20% and 50% fractional uncertainty in the number of background
events using eq. (1.6). Hence ∆b = 0.1b, 0.2b, and 0.5b, where b is the mean total number of
background events to pass any selection, and s is the corresponding number of signal events. We
preferred to use this equation because in the real world it is impossible to know the backgrounds
without uncertainty. This equation also allows us to calculate the significance even when b and s
are small. Figure 5.2 shows the median expected exclusion significance predicted by eq. (1.6) for
the 6 different 4-lepton channels.
By looking at Figure 5.2 we can say that the ≥ 3e/µ+1τh channels predict the highest exclusion
significance (Zexc) among the 4-lepton channels. We found Zexc ≥ 1.645 corresponding to an
expected 95% CL exclusion in the inclusive signal region when Mτ ′ ≤ 265 GeV, even with a
fractional uncertainty in the background of up to 50%. When the background uncertainty is lower,
the exclusion reach goes up to about 285 GeV. The no-Z channel has both smaller signals and
smaller backgrounds, and also has exclusion power up to about Mτ ′ = 275 GeV. For lower Mτ ′ ,
the expected exclusion significance is much higher in the inclusive case than in the no-Z channel.
Comparable, but slightly weaker, results are also found to hold for the ≥ 2e/µ+ 2τh inclusive and
no-Z channels. The 4e/µ channels are seen to be considerably weaker. In particular, the inclusive
region suffers from a very high background and the majority of that is from ZZ, while the no-Z
4e/µ channel has a low signal cross-section. As we expected from the nature of eq. (1.6), lower
exclusion significance decreases with increasing uncertainty in background events for a particular
value of Mτ ′ , in the case of the inclusive channels. For the low-background no-Z channels, the
dependence on background uncertainty is very mild. We have not attempted a combination of the
different signals, but this would clearly increase the exclusion power.
In this analysis, our expected exclusions are higher than what we got in the previous section
where we considered analysis of the ATLAS 4-lepton signal regions for the VLL doublet model.
There are several reasons for that. ATLAS considered = 3e/µ and = 2e/µ but we considered
≥ 3e/µ and ≥ 2e/µ events and that gave us more events in ≥ 3e/µ + 1τh and ≥ 2e/µ + 2τh
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TABLE 5.1: Background cross-sections σb for four-lepton channels at
√
s = 8 TeV, after inclusive and no-Z
selections as described in section V.
SM Backgrounds σb (fb) in ≥ 3e/µ + 1τh σb (fb) in ≥ 2e/µ + 2τh σb (fb) in ≥ 4e/µ
incl. no-Z incl. no-Z incl. no-Z
pp→WZ 0.0398 0.0000 0.0066 0.0066 0.0000 0.0000
pp→ ZZ 0.3753 0.0117 0.1909 0.0073 6.4511 0.0073
pp→ ttW 0.0046 0.0034 0.0018 0.0017 0.0000 0.0000
pp→ ttZ 0.0087 0.0016 0.0018 0.0010 0.0196 0.0005
pp→ tth 0.0038 0.0024 0.0027 0.0024 0.0019 0.0009
pp→ hh 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
pp→ hZ 0.0465 0.0017 0.0179 0.0017 0.0640 0.0012
pp→ WWZ 0.0094 0.0015 0.0015 0.0010 0.0503 0.0013
pp→ WZZ 0.0023 0.0002 0.0005 0.0001 0.0119 0.0002
pp→ ZZZ 0.0005 0.0000 0.0001 0.0000 0.0028 0.0000
Total Background 0.4909 0.0225 0.2237 0.0218 6.6015 0.0115
TABLE 5.2: Signal and total background cross sections in the ≥ 3e/µ + 1τh, ≥ 2e/µ + 2τh and ≥ 4e/µ
channels after selection through inclusive and no-Z requirements, for the Doublet VLL model, at
√
s = 8
TeV.
Mτ ′ (GeV) σs (fb) in ≥ 3e/µ + 1τh σs (fb) in ≥ 2e/µ + 2τh σs (fb) in ≥ 4e/µ
inclusive no-Z inclusive no-Z inclusive no-Z
110 2.539 0.319 0.876 0.280 1.548 0.087
130 2.869 0.508 1.396 0.429 1.941 0.126
150 2.325 0.360 1.087 0.347 1.737 0.113
180 1.634 0.322 0.649 0.259 1.144 0.121
200 1.179 0.244 0.551 0.237 0.879 0.094
250 0.528 0.147 0.252 0.134 0.402 0.060
300 0.260 0.082 0.119 0.067 0.188 0.030
400 0.075 0.027 0.033 0.019 0.064 0.014
500 0.025 0.010 0.010 0.007 0.021 0.005
Total Background 0.491 0.023 0.224 0.0218 6.602 0.012
channels. Our larger Z-mass window and b-jet veto tends to exclude more backgrounds. More
importantly, the ATLAS 4-lepton signal regions used cuts on meff and on E
miss
T , which we did not
find very useful, as illustrated above in Figure 5.1. Since we do not have access to the data and
our signal regions are quite different than those used by ATLAS and CMS multilepton searches, it
is obvious that our results in this section should be considered only as indications of what might
be excludable using existing
√
s = 8 TeV data, rather than as actual exclusions.
VI. MULTILEPTON SEARCHES AT
√
s = 13 TEV
We saw in the previous section that with the existing LHC data at
√
s = 8 TeV, it should be
possible to set limits on the production of vectorlike leptons. In this section we perform a study
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FIG. 5.2: Median expected significances for ex-
clusion at
∫
L dt = 20 fb−1 in ≥ 3e/µ+1τh (top
left), ≥ 2e/µ+2τh (top right), and ≥ 4e/µ (bot-
tom left) channels, for the Doublet VLL model,
as a function of Mτ ′ = Mν′ , at
√
s = 8 TeV,
based on the results of Table 5.2. The differ-
ent lines in each plot correspond to difference
background variances, ∆b = 0.1b (solid) and
∆b = 0.2b (dashed) and ∆b = 0.5b (dotted),
with blue lines (circle marks) for inclusive and
red (plus marks) for no-Z on each figure. The
horizontal black lines are Zexc=1.645 for 95% CL.
of future prospects at
√
s = 13 TeV, estimating the integrated luminosity required to make a 95%
CL exclusion, or an expected Zdisc ≥ 5 discovery, as a function of Mτ ′ in both the Doublet and
Singlet VLL models. To do that, we define 4-lepton and 5-lepton signal regions, use simulations
to find the visible cross-sections after cuts, and then solve Zexc = 1.645 using eq. (1.6) or Zdisc = 5
using eq. (1.4) for the integrated luminosity. Our 4-lepton signal regions are the same as in the
previous section, and are referred to as ≥ 3e/µ+ 1τh, ≥ 2e/µ+ 2τh and ≥ 4e/µ. We also consider
5-lepton signal regions, which essentially require one extra e/µ, and will be called ≥ 4e/µ + 1τh,
≥ 3e/µ + 2τh and ≥ 5e/µ. In each case, we consider inclusive and no-Z channels. For our study,
we generated 100,000 signal events with
√
s = 13 TeV, for each of Mτ ′ = 110, 130, 150, 180, 200,
250, 300, 400, and 500 GeV. We have also generated the backgrounds at
√
s = 13 TeV and studied
their contributions in each of these channels. We consider the Doublet VLL model first, and then
study the prospects for the Singlet VLL model as well as a more optimistic variant of it.
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TABLE 6.1: Background cross-sections σb for 4-lepton channels at
√
s = 13 TeV, after inclusive and no-Z
selections as described in section V.
SM Backgrounds σb (fb) in ≥ 3e/µ + 1τh σb (fb) in ≥ 2e/µ + 2τh σb (fb) in ≥ 4e/µ
incl. no-Z incl. no-Z incl. no-Z
pp→WZ 0.0637 0.0000 0.0127 0.0127 0.0000 0.0000
pp→ ZZ 0.7840 0.0242 0.4555 0.0302 14.7263 0.0121
pp→ ttW 0.0080 0.0057 0.0028 0.0025 0.0000 0.0000
pp→ ttZ 0.0249 0.0045 0.0059 0.0033 0.0508 0.0014
pp→ tth 0.0071 0.0049 0.0071 0.0056 0.0052 0.0026
pp→ hh 0.0012 0.0004 0.0008 0.0004 0.0016 0.0004
pp→ hZ 0.1377 0.0084 0.0588 0.0051 0.2418 0.0067
pp→ WWZ 0.0193 0.0034 0.0025 0.0017 0.0986 0.0026
pp→ WZZ 0.0062 0.0004 0.0015 0.0004 0.0423 0.0005
pp→ ZZZ 0.0030 0.0001 0.0013 0.0002 0.0282 0.0002
Total Background 1.055 0.0520 0.549 0.0619 15.1950 0.0265
TABLE 6.2: Signal and total background cross sections in the ≥ 3e/µ + 1τh, ≥ 2e/µ + 2τh and ≥ 4e/µ
channels after selection through inclusive and no-Z requirements, for the Doublet VLL model, at
√
s = 13
TeV.
Mτ ′ (GeV) σs (fb) in ≥ 3e/µ + 1τh σs (fb) in ≥ 2e/µ + 2τh σs (fb) in≥ 4e/µ
inclusive no-Z inclusive no-Z inclusive no-Z
110 3.048 0.490 1.353 0.636 2.632 0.000
130 5.126 0.782 2.402 0.729 2.877 0.302
150 4.123 0.533 1.896 1.008 3.050 0.214
180 2.712 0.538 1.158 0.670 1.913 0.193
200 2.173 0.533 0.958 0.507 1.558 0.177
250 1.037 0.267 0.495 0.312 0.740 0.108
300 0.549 0.178 0.257 0.178 0.456 0.098
400 0.188 0.068 0.095 0.085 0.170 0.036
500 0.081 0.033 0.035 0.033 0.066 0.016
Total Background 1.055 0.052 0.549 0.062 15.195 0.027
A. Four-lepton searches for the Doublet VLL model
At
√
s = 13 TeV, we selected events using the same requirements as described in the previous
section. The individual background cross-sections after cuts are listed in Table 6.1 for each of the
6 signal regions. The Doublet VLL model signal cross sections are given in Table 6.2 for various
masses Mτ ′ . By solving eqs. (1.6) and (1.4) we get the median expected integrated luminosities
needed for 95% CL exclusion and Zdisc > 5 discovery, as a function of Mτ ′ . These results are
shown in Figure 6.1, for the cases of assumed 10%, 20%, and 50% fractional uncertainties in the
background. Just as in the
√
s = 8 TeV case, we find that the reach is best in the channels that
include at least one τh candidates.
Assuming the signal is absent, then with 10 fb−1 one expects to be able to make a 95% CL
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FIG. 6.1: Integrated luminosity needed for a median expected significance Zexc ≥ 1.645 for exclusion (left)
and Zdisc ≥ 5 for discovery (right) in ≥ 3e/µ+1τh, ≥ 2e/µ+2τh, and ≥ 4e/µ channels, for the Doublet VLL
model, as a function of Mτ ′ = Mν′ , at
√
s = 13 TeV, based on the results of Table 6.2. The different lines
correspond to assumed background uncertainties ∆b = 0.1b (solid) and ∆b = 0.2b (dashed) and ∆b = 0.5b
(dotted), with blue lines (circle marks) for inclusive and red (plus marks) for no-Z on each figure.
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exclusion for Mτ ′ up to about 270 GeV, using the no-Z version of either of the ≥ 3e/µ + 1τh or
≥ 2e/µ+2τh channels. This is true even if the assumed fractional uncertainty in the background is
as large as 50%, simply because the no-Z background levels are small. The inclusive ≥ 3e/µ+1τh
channel seems to do slightly better for exclusion with 10 fb−1, but only if the fractional uncertainty
in the background is less than 20%. With 100 fb−1, the no-Z channels are clearly better, and can
exclude up to about Mτ ′ = 440 GeV (or 400 GeV), provided that the fractional uncertainty in the
background is not more than 20% (or 50%).
Under the same circumstances, a discovery of the Doublet VLL model could be possible up to
about Mτ ′ = 300 GeV with 100 fb
−1, using either the no-Z selection for either of the ≥ 3e/µ+1τh
or ≥ 2e/µ + 2τh channels. The discovery reach in these channels degrades to about 210 GeV if
∆b = 0.5b. In general, the inclusive search is seen to be better at low masses where the signal cross-
section is large enough to overcome the significant backgrounds, while the no-Z channel performs
much better at high masses.
Also, because of the higher background, the inclusive channels tend to be more sensitive to
a given assumed level of fractional background uncertainties than the no-Z channels. With an
assumption of a 50% fractional uncertainty in the background, the exclusion reach is completely
eliminated for Mτ ′ above 400 GeV. The discovery reach similarly is absent for Mτ ′ above 300 GeV
if the fractional uncertainty in the background is larger than 20%. The real-world background
uncertainties will likely be larger for the 2τh cases than the 1τh cases. It may well also be possible
to combine these channels to enhance the significance of an exclusion or discovery, but we do not
attempt this here. The ≥ 4e/µ search with a no-Z requirement is seen to be much less powerful,
and the inclusive channel (not shown) is quite weak as it suffers from a comparatively very large
ZZ background. Similarly to the
√
s = 8 TeV inclusive search of the previous section, we found
that an on-Z selection (also not shown) would not do any better than the inclusive selection.
B. Five-lepton searches for the Doublet VLL model
In this section, we consider 5-lepton search channels for the Doublet VLL model. These have the
advantage that the backgrounds tend to be extremely small. We use the same criteria for lepton
identification and isolation as in section V, and again require as a trigger at least one high-pT
electron or muon, as in eq. (5.7). We then define three channels ≥ 4e/µ + 1τh and ≥ 3e/µ + 2τh
and ≥ 5e/µ. For each of these, we further consider the inclusive and no-Z categories, as before.
The individual backgrounds are given in Table 6.3. We note that all of the backgrounds are
quite small, amounting to only a few events expected even in 1000 fb−1 in the inclusive cases, and
fewer than 1 event in 1000 fb−1 in the no-Z 5-lepton cases. In some background channels, our
simulations did not find any events that passed all of the selection criteria. The pp → ZZ and
pp→ tt¯Z backgrounds are the largest in the inclusive cases for ≥ 4e/µ+1τh and ≥ 3e/µ+2τh, but
these are effectively eliminated if the no-Z requirement is included. We note that these backgrounds
rely on the rate for jets to fake τh, which we took to be 0.001 as noted above. In the real world,
these backgrounds will have to be determined for the relevant topologies by using control regions.
For the signal, the contributions come mostly from hτZτ and ZτZτ andWτZτ events resulting
from vectorlike lepton production. Results are shown in Table 6.4 as a function of Mτ ′ for the
Doublet VLL model. In these simulations, we forced the Z and W to decay leptonically (including
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TABLE 6.3: Background cross-sections σb after inclusive and no-Z selections, for five lepton channels at√
s = 13 TeV.
SM Backgrounds σb (fb) in ≥ 4e/µ + 1τh σb (fb) in ≥ 5e/µ σb (fb) in ≥ 3e/µ + 2τh
incl. no-Z incl. no-Z incl. no-Z
pp→ ZZ 0.00202 0 0 0 0.00202 0
pp→ ttW 0 0 0 0 0.00026 0.00013
pp→ ttZ 0.00215 0.00013 0 0 0.00124 0.00007
pp→ tth 0 0 0 0 0.00150 0.00075
pp→ WWZ 0.00012 0 0 0 0.00003 0
pp→ WZZ 0.00076 0.000004 0.00498 0.000015 0.00019 0.0000073
pp→ ZZZ 0.00044 0.000004 0.00150 0.000002 0.00008 0.0000031
Total Background 0.00548 0.00014 0.00648 0.000017 0.00533 0.00096
TABLE 6.4: Signal and background cross sections for the Doublet VLL model, at
√
s = 13 TeV in the
≥ 4e/µ+ 1τh, ≥ 3e/µ+ 2τh and ≥ 5e/µ channels after selection through inclusive and no-Z requirements.
Mτ ′ (GeV) σs (fb) in ≥ 4e/µ + 1τh σs (fb) in ≥ 3e/µ + 2τh σs (fb) in ≥ 5e/µ
inclusive no-Z inclusive no-Z inclusive no-Z
110 0.156 0.01104 0.091 0.01060 0.081 0.00029
130 0.382 0.01682 0.204 0.00950 0.204 0.00569
150 0.315 0.00799 0.176 0.01275 0.176 0.00345
180 0.217 0.00842 0.112 0.00882 0.138 0.00188
200 0.169 0.00507 0.081 0.00749 0.106 0.00146
250 0.088 0.00314 0.042 0.00446 0.057 0.00085
300 0.046 0.00257 0.021 0.00326 0.032 0.00058
400 0.015 0.00086 0.007 0.00120 0.011 0.00032
500 0.006 0.00037 0.002 0.00044 0.005 0.00016
Total Background 0.00548 0.00014 0.00533 0.00096 0.00648 0.000017
to τ leptons) for better statistics. Inclusive and on-Z requirements give essentially the same results,
so we do not consider separately an on-Z search.
Results for the luminosities needed to achieve a median expected Zexc ≥ 1.645 (95% CL ex-
clusion) or Zexc ≥ 5 (discovery) are presented in Figure 6.2. The 5-lepton search strategy is
statistics-limited, rather than background limited. Therefore, for 10 fb−1 of integrated luminosity,
these channels are not competitive with the 4-lepton searches of the previous section. Clearly, very
high integrated luminosities are required if a no-Z search is performed, because of the very low sig-
nal yields. The best search strategy for achieving a 95% CL exclusion seems to be the ≥ 4e/µ+1τh
inclusive search, which with 100 fb−1 can exclude up to Mτ ′ = 340 GeV even if the fractional
background uncertainty is taken to be 50%. However, for smaller background uncertainties this
search is less effective than the 4-lepton no-Z searches described in the previous section (compare
Figure 5.2).
Similarly, the potential for Doublet VLL discovery using the 5-lepton searches is somewhat
worse than in the 4-lepton search of the previous section if one assumes that the background
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FIG. 6.2: Integrated luminosity needed for a median expected significance Zexc ≥ 1.645 for 95% CL exclusion
(left) and Zdisc ≥ 5 for discovery (right) in ≥ 4e/µ+1τh, ≥ 3e/µ+2τh, and ≥ 5e/µ channels, for the Doublet
VLL model, as a function of Mτ ′ = Mν′ , at
√
s = 13 TeV, based on the results of Table 6.4. In the figures
different lines correspond to ∆b = 0.1b (solid) and ∆b = 0.2b (dashed) and ∆b = 0.5b (dotted), with blue
lines (circle marks) for inclusive, red (plus marks) for no-Z on each figure.
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FIG. 6.3: The total Branching ratio (left) and cross section × Branching Ratio (right) that contribute to
different channels are shown as a function of τ ′ mass for singlet VLL model. In the plot at right, the cross
sections predicted by the Singlet VLL model at
√
s = 13 TeV are used.
uncertainties in both cases are taken to be 10% or lower, but the situation is reversed if the
assumed fractional background uncertainties are higher. With 100 fb−1, the ≥ 4e/µ+1τh inclusive
search could discover the Doublet VLL model for masses up to about Mτ ′ = 250 GeV, even if the
fractional uncertainty in the background is 50%. With an integrated luminosity of 1000 fb−1, there
is a possibility to discover the Doublet VLL model up to Mτ ′ = 400 GeV in the same channel,
provided that the background uncertainty is 10% or lower. The other 5-lepton channels provide
somewhat less discovery reach.
C. Four-lepton searches for the Singlet VLL model
In the Singlet VLL model we only have the production of τ ′+τ ′−. Hence the signal cross section
that contributes to the visible final states is much smaller than for the Doublet VLL model. The
challenge is illustrated by Figure 6.3, in which the plot on left shows the dependence on Mτ ′ of the
total branching fraction of τ ′+τ ′− into different individual multilepton channels ≥ 3e/µ, ≥ 4e/µ,
≥ 3e/µ+1τh and ≥ 2e/µ+2τh, and the plot on right shows the cross section×BR, before putting
in any cuts or detection efficiencies. From Figure 6.3, it is evident that a 3-lepton search gives the
biggest contribution in signal cross section, but that suffers from a large background. We therefore
will concentrate on 4-lepton and 5-lepton searches.
In Figure 6.4, we show results for the 4-lepton channels ≥ 3e/µ + 1τh and ≥ 2e/µ + 2τh, again
before any cuts or detection efficiencies, and this time allowing the branching ratios of τ ′ into the
three possible final states Zτ and hτ and Wν to float, subject to the constraint BR(τ ′ → Zτ) +
BR(τ ′ → hτ) + BR(τ ′ → Wν) = 1. The effects of leptonic τ decays have been included. Within
this plane of more general possibilities, the thick red curve shows the prediction of the Singlet VLL
model (following from the results shown in Figure 2.3), and the other contour lines have constant
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FIG. 6.4: Contour lines for total branching ratio of τ ′+τ ′− into ≥ 3e/µ + 1τh (left) and ≥ 2e/µ + 2τh
(right) channels are shown in the plane of BR(τ ′ → hτ) and BR(τ ′ → Zτ), assuming BR(τ ′ → Wν) = 1 -
BR(τ ′ → hτ) - BR(τ ′ → Zτ). The prediction of the Singlet VLL model is shown by the thick red curve,
with circles corresponding to Mτ ′ = 100, 120, 160, 200, 300, 400 GeV.
branching ratios of τ ′+τ ′− into ≥ 3e/µ+1τh and ≥ 2e/µ+2τh. The predicted large BR(τ ′ →Wν)
in the Single VLL Model, especially for low Mτ ′ is seen to be the reason for low signal yields for
4-lepton and 5-lepton channels.
In the following, we performed 4-lepton searches by generating events using the same cuts and
selections as we did for the Doublet VLL model at
√
s = 13 TeV in subsection VIA. The results for
individual backgrounds were already listed above in Table 6.1. The signal and total background
cross sections to pass the inclusive and no-Z selections are listed in Table 6.5, for various Mτ ′ .
We find that the no-Z selection is not effective for the purposes of setting a 95% CL exclusion or
claim a discovery in 4-lepton searches, for the Singlet VLL model. Even in the case of the inclusive
selections, we found that in Singlet VLL model no reasonable integrated luminosity would be able
to set a 95% CL exclusion or claim a discovery in ≥ 4e/µ, ≥ 2e/µ+2τh and ≥ 3e/µ+1τh channels
at 13 TeV, if the uncertainty in the background is 10%. This is because in this case the background
cross section is always greater than the signal cross section by more than a factor of 10. However,
in the most optimistic possible case that there is no uncertainty at all in the background cross-
section, then it would be possible to set a 95% CL exclusion in ≥ 3e/µ+1τh channel with 350 fb−1
luminosity for 130 GeV < Mτ ′ < 150 GeV, as shown in Figure 6.5. With 1000 fb
−1, the exclusion
reach in this case would extend up to about Mτ ′ = 200 GeV.
In view of the rather pessimistic nature of these results, we now study a more optimistic variant
of the Singlet VLL model in which BR(τ ′ → Zτ)=1 is forced, but the production cross-section is
not changed. We emphasize that this is somewhat arbitrary, as we do not have in mind a specific
model that actually makes this prediction, although this scenario is at least consistent in the sense
that the couplings involved in the production are different from those involved in the decays. The
signal cross-sections to pass the inclusive and no-Z selections in this case are given in Table 6.6.
We find that in this case, it is possible to set 95% exclusions in the ≥ 3e/µ+1τh and ≥ 2e/µ+2τh
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TABLE 6.5: Signal and background cross sections in the ≥ 3e/µ+ 1τh, ≥ 2e/µ+ 2τh and ≥ 4e/µ channels
after selecting events through inclusive and no-Z requirements, for the Singlet VLL model, at
√
s = 13 TeV.
Mτ ′ (GeV) σs (fb) in ≥ 3e/µ + 1τh σs (fb) in ≥ 2e/µ + 2τh σs (fb) in ≥ 4e/µ
inclusive no-Z inclusive no-Z inclusive no-Z
120 0.0672 0.0027 0.0143 0.0023 0.0528 0.0007
130 0.0811 0.0035 0.0208 0.0027 0.0644 0.0011
140 0.0809 0.0037 0.0225 0.0050 0.0679 0.0012
150 0.0819 0.0060 0.0215 0.0043 0.0651 0.0016
160 0.0758 0.0047 0.0210 0.0057 0.0565 0.0016
180 0.0627 0.0057 0.0208 0.0052 0.0491 0.0021
200 0.0469 0.0047 0.0161 0.0055 0.0404 0.0021
250 0.0259 0.0038 0.0094 0.0038 0.0230 0.0017
300 0.0150 0.0026 0.0056 0.0025 0.0141 0.0010
Total Background 1.055 0.052 0.549 0.062 15.195 0.026
FIG. 6.5: Integrated luminosity needed for a median
expected Zexc ≥ 1.645 (95% CL) exclusion in the in-
clusive ≥ 3e/µ + 1τh channel, for the Singlet VLL
model, as a function of Mτ ′, at
√
s = 13 TeV, based
on the results of Table 6.5. The line with plus sym-
bols represents the required luminosity in the most
optimistic case of no uncertainty in the background
cross-section (∆b = 0). We do not find any prospects
for exclusion if the fractional uncertainty in the back-
ground is 10% or higher.
channels with the inclusive search (and also with the no-Z search, although that will require a
much higher luminosity). Figure 6.6 shows the integrated luminosity needed to set Zexc ≥ 1.645
exclusion in in these two channels. We found that it is possible to obtain a 95% CL exclusion for
Mτ ′ ≤ 190 GeV with 100 fb−1 in the ≥ 3e/µ + 1τh inclusive search with 10% uncertainty in the
background events. However, we found that it is not possible to satisfy the Zdisc ≥ 5 discovery
criteria in the 4-lepton channels at
√
s = 13 TeV, for any reasonable integrated luminosity and any
value of Mτ ′ .
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TABLE 6.6: Signal and background cross sections in the ≥ 3e/µ+ 1τh, ≥ 2e/µ+ 2τh and ≥ 4e/µ channels
after selecting events through inclusive and no-Z requirements, for the modified Singlet VLL model with
BR(τ ′ → Zτ)=1 at √s = 13 TeV.
Mτ ′ (GeV) σs (fb) in ≥ 3e/µ + 1τh σs (fb) in ≥ 2e/µ + 2τh σs (fb) in ≥ 4e/µ
inclusive no-Z inclusive no-Z inclusive no-Z
120 0.2898 0.0043 0.1341 0.0043 0.3071 0.0000
130 0.3449 0.0133 0.1891 0.0100 0.3217 0.0000
140 0.3393 0.0130 0.1865 0.0285 0.3057 0.0000
150 0.4048 0.0288 0.1685 0.0164 0.2733 0.0021
160 0.3386 0.0099 0.1520 0.0215 0.2081 0.0017
180 0.3014 0.0188 0.1391 0.0144 0.1921 0.0022
200 0.2052 0.0084 0.1026 0.0130 0.1784 0.0038
250 0.1181 0.0059 0.0501 0.0079 0.1019 0.0024
300 0.0728 0.0044 0.0257 0.0047 0.0642 0.0009
Total Background 1.055 0.052 0.549 0.062 15.195 0.026
TABLE 6.7: Signal and total background cross sections in the ≥ 4e/µ+ 1τh and ≥ 3e/µ+ 2τh and ≥ 5e/µ
channels after inclusive selections, for the Singlet VLL model, at
√
s = 13 TeV.
Mτ ′ (GeV) σs (fb) in ≥ 4e/µ + 1τh σs (fb) in ≥ 3e/µ + 2τh σs (fb) in ≥ 5e/µ
120 0.00285 0.00071 0.00186
130 0.00393 0.00113 0.00246
140 0.00420 0.00123 0.00293
150 0.00417 0.00134 0.00310
160 0.00399 0.00138 0.00302
180 0.00343 0.00142 0.00277
200 0.00294 0.00120 0.00211
250 0.00176 0.00082 0.00141
300 0.00094 0.00049 0.00080
Total Background 0.0055 0.0065 0.0053
D. Five-lepton searches for the Singlet VLL model
In this section, we consider the 5-lepton channels at
√
s = 13 TeV for the Singlet VLL model to
study the prospectives for exclusion or discovery, in the same manner as we did in subsection VIB
for the Doublet VLL model. The individual backgrounds were already given above in Table 6.3.
The visible signal cross sections after cuts are quite small, even to pass the inclusive selections,
as can be seen from Table 6.7. Note that the three individual 5-lepton channels have comparable
signal and background levels. Therefore, because of the low cross-section yields, we consider not
only the individual ≥ 4e/µ + 1τh and ≥ 3e/µ + 2τh and ≥ 5e/µ inclusive cross-sections, but also
their combination given by the sum of the three channels. We then find that with a very high
integrated luminosity, of 1000 fb−1, it may be possible to set a 95% CL exclusion for a narrow
range of 140 GeV < Mτ ′ < 165 GeV, using the ≥ 4e/µ + 1τh channel or the combined 5-lepton
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FIG. 6.6: Integrated luminosities needed for Zexc =
1.645 (95% CL) exclusion, in the inclusive ≥ 3e/µ+
1τh and ≥ 2e/µ + 2τh and ≥ 4e/µ channels, for the
modified Singlet VLL model with BR(τ ′ → Zτ)=1,
as a function of Mτ ′, at
√
s = 13 TeV, based on the
results from Table 6.6. The different lines in each
plot correspond to assumed background uncertainties
∆b = 0 (thicker solid, with + signs), ∆b = 0.1b (solid,
with circles) and ∆b = 0.2b (dashed, with circles).
channel. These results are shown in Figure 6.7 as a function of Mτ ′ .
For the modified Singlet VLL model with BR(τ ′ → Zτ)=1, the more optimistic results for
visible cross-sections after cuts for the ≥ 3e/µ + 2τh, ≥ 4e/µ + 1τh and ≥ 5e/µ inclusive signal
regions are presented in Table 6.8. The predicted luminosities required for 95% CL exclusion with
Zexc ≥ 1.645 and Zdisc ≥ 5 discovery are shown in figure 6.8 for these three channels at
√
s = 13
TeV. In addition, Figure 6.9 shows the results for the combined 5-lepton signal region obtained by
summing these three channels. With an integrated luminosity of 100 fb−1, a 95% CL exclusion
can be expected in the combined 5-lepton search up to about Mτ ′ = 250 GeV, even with a 50%
fractional uncertainty in the background. The best of the individual channels for this search is
≥ 4e/µ + 1τh. A potential Zdisc > 5 discovery would require more than 100 fb−1 in this most
optimistic case of BR(τ ′ → Zτ)=1, even for Mτ ′ less than 150 GeV, and even after combining the
three individual 5-lepton channels, and discovering Mτ ′ = 200 GeV would require 350 fb
−1. The
discovery potential degrades completely for the ∆b = 0.5b case.
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FIG. 6.7: Integrated luminosities needed for median expected Zexc = 1.645 (95% CL) exclusion in the
≥ 4e/µ+1τh and combined 5-lepton inclusive searches, for the Singlet VLL model, as a function of Mτ ′, at√
s = 13 TeV, based on the results from Table 6.7. The different lines in each plot correspond to assumed
background uncertainties ∆b = 0 (thicker solid, with + signs), ∆b = 0.1b (solid, with circles) and ∆b = 0.2b
(dashed, with circles).
TABLE 6.8: Signal and total background cross sections in the ≥ 4e/µ+ 1τh and ≥ 3e/µ+ 2τh and ≥ 5e/µ
channels after inclusive selections, for the modified Singlet VLL model with BR(τ ′ → Zτ)=1, at √s = 13
TeV.
Mτ ′ (GeV) σs (fb) in ≥ 4e/µ + 1τh σs (fb) in ≥ 3e/µ + 2τh σs (fb) in ≥ 5e/µ
120 0.0453 0.0113 0.0297
130 0.0520 0.0149 0.0325
140 0.0505 0.0144 0.0355
150 0.0462 0.0138 0.0357
160 0.0418 0.0120 0.0338
180 0.0351 0.0110 0.0291
200 0.0261 0.0086 0.0224
250 0.0144 0.0044 0.0138
300 0.0079 0.0024 0.0080
Total Background 0.0055 0.0065 0.0053
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FIG. 6.8: Integrated luminosities needed for Zexc = 1.645 (95% CL) exclusion (left) or Zdisc = 5 discovery
(right), in the ≥ 4e/µ + 1τh and ≥ 5e/µ and ≥ 3e/µ + 2τh inclusive channels (from top to bottom), for
the Singlet VLL model with BR(τ ′ → Zτ)=1, as a function of Mτ ′, at
√
s = 13 TeV, based on the results
from Table 6.8. The different lines in each plot correspond to assumed background uncertainties ∆b = 0.1b
(solid), ∆b = 0.2b (dashed), and ∆b = 0.5b (dotted).
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FIG. 6.9: Integrated luminosities needed for Zexc = 1.645 (95% CL) exclusion (left) or Zdisc = 5 discovery
(right) in the combined 5-lepton inclusive channel, for the modified Singlet VLL model with BR(τ ′ → Zτ)=1,
as a function of Mτ ′, at
√
s = 13 TeV, based on the results from Table 6.8. The different lines in each plot
correspond to assumed background uncertainties ∆b = 0.1b (solid), ∆b = 0.2b (dashed), and ∆b = 0.5b
(dotted).
VII. OUTLOOK
In this paper we have studied possibilities for discovering or excluding vectorlike leptons at the
LHC in different multilepton searches. We mainly looked at two different cases, the Singlet VLL
model and Doublet VLL model, with small mixing allowing decays of vectorlike leptons to tau
leptons, as described in the Introduction. (A previous paper [40] had already considered the more
optimistic case of decays to muons.) We pointed out that there is an opportunity to set limits
on vectorlike lepton production in the Doublet VLL model using existing LHC data at
√
s = 8
TeV. This could be done with searches similar to the Run 1 ATLAS 3-lepton and 4-lepton searches
[64, 65] based on
∫
L dt = 20.3 fb−1. In the 3-lepton channels, we found that our estimates for
the visible signal cross-section exceeds the ATLAS limit up to about Mτ ′ = 200 GeV for both
≥ 3e/µ and 2e/µ+ ≥ 1τh searches with off-Z and no-OSSF selections. While looking at the 4-
lepton channels we again found that up to about Mτ ′ = 200 GeV, our estimates for the visible
cross section exceeds the ATLAS limit in two searches, ≥ 4e/µ on-Z and 3e/µ+ ≥ 1τh no-Z.
We then presented a simpler 4-lepton search strategy more appropriate for the the Doublet
VLL model. We came up with a different set of selections that we followed throughout the rest
of the paper. Imposing a b-jet veto became very useful to reduce some of the background cross
sections involving top quarks. We also used a set of equations as mentioned in the Introduction to
calculate median expected significances for exclusion (Zexc). We found that the highest exclusion
significance can be reached with the ≥ 3e/µ + 1τh channel, and Mτ ′ masses up to about 275 GeV
could be excluded with 95% CL in both inclusive and no-Z searches with 20 fb−1 at
√
s = 8 TeV,
provided that there is indeed no signal present.
We also studied the future prospects for vectorlike leptons at
√
s = 13 TeV. In the Doublet VLL
model, we estimated the integrated luminosities needed to set 95% CL exclusion and discovery with
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Zdisc ≥5 in 4-lepton and 5-lepton channels as a function of Mτ ′ = Mν′ . We find that it should be
possible to set an exclusion up to Mτ ′ = 440 GeV with 100 fb
−1 of integrated luminosity, using
several different 4-lepton channels with no-Z selections, even assuming 20% fractional uncertainty
in the background. Discovery is possible with 100 fb−1 for Mτ ′ up to about 300 GeV using the
same channels. In 5-lepton searches we found the inclusive search to do much better than the
no-Z channels, because of the statistics-limited nature of the signal. The 5-lepton searches have
the advantage of extremely small backgrounds. With inclusive 5-lepton searches we found that
there is a chance to discover the vectorlike leptons in the Doublet VLL model up to Mτ ′=250 GeV
with integrated luminosity of 100 fb−1, even with 50% fractional uncertainties assumed for the
backgrounds.
The Singlet VLL model is much more difficult. We find that even setting a 95% CL exclusion
is not possible with 4-lepton searches unless the background is known with less than 10% uncer-
tainty. Even in the optimistic scenario that the background is known exactly, we find no expected
exclusions with less than 350 fb−1, and it would take 1000 fb−1 to exclude up to Mτ ′ = 200 GeV.
Using 5-lepton searches, excluding any range of masses for the Singlet VLL model requires on the
order of 1000 fb−1 of integrated luminosity.
We also considered a modified Singlet VLL model, obtained by (arbitrarily) setting BR(τ ′ →
Zτ)=1, while assuming the same production cross-section. While we did not specify a model
exhibiting these characteristics, it is at least consistent in the sense that the Lagrangian terms
governing production are distinct from the mixing terms governing the decays. Here, the 5-lepton
signal seem to be the best, with 100 fb−1 providing an expected exclusion up to Mτ ′ = 250 GeV,
while discovery up to Mτ ′ = 200 GeV would required 350 fb
−1.
In this paper, we have only looked at signals based on relatively clean multi-lepton final states,
including up to 2 hadronic taus. There are other channels which can be looked at, including those
with more than 2 b-jets from Higgs and Z decays. For example, these could include the channel
4b+2τh, for which physics backgrounds should be small, but detector backgrounds are harder to
estimate.
We note that the projections made in this paper are heavily dependent on our simulation tools,
and only the experimental collaborations can provide real exclusions (or discovery), based on
background estimates driven and verified by data and knowledge of detector responses. However,
we believe that it is clear that the opportunity to conduct searches for vectorlike leptons that decay
to taus should be pursued at the LHC.
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